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SEISMICITY OF THE GARLOCK FAULT, CALIFORNIA 
BY LUCIANA ASTIZ AND CLARENCE R. ALLEN 
ABSTRACT 
The Garlock fault is a 265-km-long left-slip fault striking northeastward from 
the San Andreas fault in southern California. Relocations of earthquakes that 
occurred from 1932 to 1981 on and near this major fault were made using the 
master-event technique. The spatial distribution of seismicity along the fault is 
different west and east of its midpoint near Rand, where the largest en-echelon 
offset and a marked change in strike occur. These two segments also display 
distinct geologic features and different seismic and aseismic behavior. The 150- 
km-long segment west of Rand has shown continuous low seismic activity during 
the past 50 yr, well-documented aseismic creep, and has a relatively complex 
fault trace. In contrast, the 155-km-long segment east of Rand has very few small 
earthquakes, no demonstrable creep, and a simpler fault trace. P-wave first- 
motion studies substantiate predominantly left-slip motion along the Garlock 
fault. Overall energy release during this 50-yr period gives a seismic moment 
rate of 2.75 x 10 ~ dyne-cm/yr, much lower than that inferred from Holocene 
geologic offsets, thus indicating that the Garlock fault currently represents a 
temporal seismic gap, and that the potential exists for large earthquakes. If 
behavior of the Garlock fault is similar to that of the San Andreas, the western 
segment of the fault can be compared with the central creeping segment of the 
San Andreas, and the eastern segment with those segments broken by the 1857 
and 1906 earthquakes; thus larger events might be expected on the eastern 
segment than on the western segment, or, if the entire fault breaks during a 
single event, larger displacements toward the east. 
INTRODUCTION 
The Garlock fault is a major tectonic feature of southern California, dividing the 
Mojave Desert block on the south from the Sierra Nevada and Basin and Range 
provinces to the north and northwest. This left-slip fault is at least 265 km long 
and extends northeastward from its junction with the San Andreas fault, near 
Gorman, toward the Death Valley fault zone (Figures 1 and 2). A late Mesozoic 
dike swarm separated 64 km in a left-lateral sense is believed to represent the total 
horizontal offset of the fault (Smith, 1962). Although there is abundant evidence of 
slip along the fault during the last 10,000 yr (e.g., Clark, 1973; Christenson et al., 
1980; Roquemore t al., 1982), very little seismic activity has occurred uring the 
last 50 yr relative to some other regions in southern California. 
The purpose of this paper is to analyze the historic seismicity of the Garlock 
Fault, since 1932, and to relate this seismicity to the available geologic and geodetic 
information. Our attempt is to understand the role of this major left-lateral fault in 
southern California tectonics, as well as to try to establish, with our limited set of 
data, its seismic potential for large earthquakes. 
PREVIOUS WORK 
The Garlock fault has been recognized as an extensive tectonic feature of southern 
California since early studies by Hess (1910), who first identified the fault and 
named it after the once-populated town of Garlock. Lateral displacement on the 
fault was first proposed by Hulin (1925), who suggested 8 km of left-lateral 
displacement of Quaternary and older rock units along it. Later studies by Noble 
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Fxa. 1 Southern Cahforma seismiclty during 1981 from Caltech-USGS catalog. The outer border 
corresponds to the limits of the southern Cahfornia array. The inner [rarne is the limit of Figures 2 and 
6. Notice the cluster of earthquakes along the Garlock fault trace and the smaller activity w~th respect 
to many other faults in southern Cahfornia. 
(1926), Simpson (1934), Hill and Dibblee (1953), and Hewett (1954a, b, 1955), 
among others, confirmed the left-lateral nature of the Garlock fault and gave 
evidence for a significant vertical component of displacement as well. They also 
suggested that the fault probably originated in early Tertiary time and has been 
active throughout the late Cenozoic era. However, the total horizontal offset was 
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not well established until Smith (1962) correlated a late Mesozoic dike swarm in 
the Spangler Hills, north of the fault, with a similar swarm in the Granite Moun- 
tains, to the south, separated 64 km in a left-lateral sense. This large horizontal 
displacement was supported by Michael {1966), from the offset of an early Tertiary 
(?) fault system that occurs on both sides of the fault. Recent studies by Carter 
(1982) suggest that strike-slip displacement on the Garlock fault may have begun 
as recently as about 5.5 my ago. 
Hill and Dibblee (1953) regarded the San Andreas, Garlock, and Big Pine faults 
as major conjugate shears defining a strain pattern of east-west extension and 
north-south shortening. They suggested also that the "big bend" of the San Andreas 
was produced as the San Andreas disrupted a once continuous left-lateral Big Pine- 
Garlock fault. Davis and Burchfiel (1973) proposed that the Garlock fault is an 
intracontinental transform structure since it is the boundary of two blocks with 
differential eastward extension, namely the Basin and Range province to the north 
of the fault and the Mojave block south of it. Hill (1982) follows both models to 
explain regional tectonics in California and Nevada. 
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FIG. 2 Earthquake relocations from 1932 to 1981 in the Garlock fault zone. The light line corresponds 
to the 25-km-wide zone around the fault from which the earthquakes were taken from the catalog. The 
numbers m the figure corresponds to kilometers along the fault northeast from Gorman quarry (vertical 
axes in Figure 3). Sohd circles are quarries, and solid triangles are alignment array locations (from Keller 
et al., 1978). Faults are taken from Jennings and Strand (1969), Smith (1964), and Jennings et al. (1962). 
A marked en-echelon offset in the active fault trace occurs in the vicinity of 
Koehn Lake and Rand (Figure 2), with the projected trace of the fault entering the 
valley from the southwest offset 3 to 4 km from the overlapping trace leaving the 
valley to the northeast. Indeed, the Koehn Lake depression itself (Cantil Valley) is 
evidently a pull-apart depression caused by left slip on left-stepping en-echelon 
fault segments (Clark, 1973; Aydin and Nur, 1982). The negative gravity anomaly 
associated with Cantil Valley is one of the most spectacular in southern California 
and reflects a Cenozoic sedimentary fill of more than 3 km within the elongate, 
steep-walled basin (Mabey, 1960; Nilson and Chapman, 1974). 
The similarity of surface features along the Garlock fault trace with those of 
historically active segments of the nearby San Andreas fault have led recent studies 
of the Garlock fault to focus on its Holocene activity. The results of these studies 
are summarized from west to east along the fault: 
1724 LUCIANA ASTIZ AND CLARENCE R. ALLEN 
Christenson et al. (1980) report that at Castac Lake, near the intersection of the 
western end of the fault with the San Andreas, no definitive evidence xists for 
Holocene displacement, at least on discrete fault surfaces. However, geodetic slip 
measurements nearby (Snay and Cline, 1980) and the presence of an impressive 
300-m-wide gouge zone along the fault in this area, as seen in the California 
Aqueduct unnel excavation, suggest that Holocene movement may be taking place 
pervasively throughout a wide zone in this structurally complex area (A. B. Arnold, 
personal communication). At Twin Lakes, in the Tehachapi Mountains 34 km 
farther northeast, the fault traverses modern sag-pond deposits, and trenching 
revealed two episodes of movement (Christenson et al., 1980). The most recent 
event occurred less than 890 ± 195 14C yr B.P., and the preceding event was more 
than 2800 ± 165 14C yr B.P. The vertical offsets were 80 to 100 and 55 to 60 cm, 
respectively, but there was no accurate constraint on horizontal movement. Near 
Koehn Lake (Figure 2), 65 km still farther northeast, Carter (1971, 1980) determined 
a slip rate of 8 mm/yr for the last 10,000 yr and of 12 mm/yr for the Pleistocene 
epoch by matching displaced alluvial fan gravels. In the same general area, Clark 
and Lajoie (1974) determined an average horizontal slip rate of 7 mm/yr during 
Holocene time by dating a tufa layer deposited near the crest of an offset gravel 
bar. Burke (1979), in a trench at the eastern edge of Koehn Lake, recognized 9 to 
17 prehistoric earthquakes breaking sediments younger than 14,700 14C yr giving a 
recurrence interval of 865 to 1630 yr. Sieh (1981) suggested an average recurrence 
interval of 300 to 500 yr as a lower limit. Eastward along the fault, near Christmas 
Canyon (Figure 2), Smith (1975) suggested that the slip rate is at most 4 mm/yr 
during Holocene time. Roquemore t al. (1982), in a trench at Christmas Canyon, 
identified six Holocene faulting events that do not displace alluvium less than 500 
yr old, giving a recurrence interval of about 1580 yr. In summary, the best current 
estimate of the slip rate along the Garlock fault is about 7 mm/yr during Holocene 
time, and the average recurrence interval of large earthquakes i  probably 1,000 ± 
500 yr. 
Geodetic surveys of monuments within a few hundred meters of the Garlock fault 
have documented contemporaneous left-lateral slip along the westernmost egment 
of the fault. Measurements of a network at NGS site Ranch, 6 km north of the 
Gorman quarry (Figure 2), have shown an average left-lateral slip rate in 10 epochs 
since 1964 of about 1 mm/yr, and an extension perpendicular to the fault of about 
2.5 mm/yr (Snay and Cline, 1980). However, the gouge zone here is at least 300 m 
thick southeast of the mapped fault trace (A. B. Arnold, personal communication), 
and some of the monuments may be within the zone of movement; hus these are 
minimum figures. The Caltech alignment array at Cameron, 45 km farther northeast 
along the fault (Figure 2), has been resurveyed 10 times since its establishment in
1971 and shows clear left-lateral slip rate of about 4 mm/yr over a 150-m-wide zone 
and perhaps as much as 7 mm/yr over a wider zone (Keller et al, 1978; John Louie, 
personal communication). No slip has been measured in repeated measurements of 
Caltech alignment arrays still farther northeast along the fault at Rand and 
Christmas Canyon (Figure 2). Clark (1973) observed fresh en-echelon cracks in 
1969 along a short segment of the fault some 20 km east of Christmas Canyon, but 
their tectonic origin is questionable. Major tension cracks with vertical displace- 
ments of up to 0.6 m have recently been observed along preexisting fractures within 
the fault zone south of Koehn Lake (Figure 2), but they are thought o be related 
to subsidence due to groundwater withdrawal (Clark et al., 1978). 
Strain measurements on the Garlock trilateration etwork across the fault, east 
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of Koehn Lake, show strain in the last decade similar to that recorded by many 
other trilateration etworks in southern California. The average principal strain 
rates measured at the Garlock trilateration etwork are el = 0.02 + 0.03 and e2 = 
0.14 ± 0.03 (ttstrain/yr) corresponding to tensional and compressional strain rate 
vectors oriented S70°E and N20°E, respectively (Savage t al., 1981) or maximum 
left-lateral shear straining along N65°E, nearly parallel to the strike of the Garlock 
fault. 
DATA ANALYSIS 
During the last 50 yr, seismicity on and near the Garlock fault has been very low 
as compared to that of many other faults in southern California. However, there is 
a clear alignment of small and moderate vents along the fault zone, as compared 
to adjacent quiescent areas, so that the fault can definitively be classified as "active" 
in a seismic sense. Figure 1 demonstrates this relationship for 1981, and earlier 
years were similar. The seismic data used in this study, for the 50-yr period from 
1932 to 1981, are represented by epicenters within a 25-km-wide zone centered on 
the fault (box, Figure 2), and although epicenters outside of this zone are not shown 
on Figure 2, they are sparse. The events are taken from the Caltech-USGS catalog 
of southern California earthquakes (Hileman et al., 1973; Friedman et al., 1976; 
Whitcomb et al., 1978), in addition to more unpublished data. 
TABLE 1 
VELOCITY MODEL 
P-Wave Velocity Upper Depth 
(km/~ec) (kin) 
5.5 00 
6.3 55 
67 160 
7.8 37.O 
Seismic station coverage and location techniques have changed greatly during 
this 50-yr period. Following the 1952 Kern County earthquake, for example, several 
new stations were added to the Caltech seismic network, although the detection 
level remained at M ~ 3 in most of the Garlock fault region. In 1977, many more 
stations were added, increasing the detection level to M ~ 1.5 in this area. Event 
locations before 1961 were done graphically, with most depths fixed at 16 km and 
epicentral locations approximated to the nearest minute, sometimes inducing a 
tendency for epicenters "to line up". More recently, numerical techniques have 
been used for location purposes. In an effort to make the location quality more 
uniform, events used in this study have been relocated using a master-event 
technique with the computer program QED1 (Johnson, 1979). The velocity model 
is the same as that presently used in the Caltech locations and is listed in Table 1. 
An average of 15 stations, but in no case less than five stations, were used in the 
relocations. All were at epicentral distances of less than 150 km. The arrival times 
of P and S waves were taken from the "phase cards" made by the Caltech-USGS 
staff as part of the routine data processing during these 50 yr. Magnitudes of the 
events were taken directly from the Caltech catalog. Blasts from three nearby 
quarries--Gorman, Mojave, and Monolith--were taken out of the data set. 
To relocate the events, the original 25-km-wide strip along the Garlock fault was 
divided into six regions, each about 45 km long. Six master events were chosen from 
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quality A locations in the Caltech catalog with M > 3.0 centered in each region 
(Table 2). The relocation of the events in each of these six regions was then made 
with respect o the corresponding master event. The master event hypocenter is
used as the initial location for the events in the corresponding region. As in the 
initial locations, most of the events were relocated near the fault trace. A few events 
prior to 1961 moved out of the area from which they had been chosen, due to a 
shallower elocation. We feel, however, that relocation of events in a broader area 
would not have changed ramatically the seismic pattern and the number of events 
located within the Garlock fault zone as shown in Figure 2. All events were located 
above 15 km depth, but most events were located near 7.5 km depth. 
The spatial distribution of seismicity along the Garlock fault is somewhat different 
to the east and west of Rand, where the largest en-echelon offset is observed and 
the fault strike changes. Scattered seismicity is observed in the eastern segment of 
the fault, and a more continuous pattern in the western segment. This difference 
may be related to its change in strike, since the regional stress field is more favorable 
to left-lateral slip on the 150-km-long segment striking approximately N60°E than 
on the eastern 115 km that strikes almost due east. However, the seismic activity 
on the western segment of the fault occurs mainly in two segments approximately 
TABLE 2 
MASTEREVENTSLOCATIONS 
Region Year Month Day Hour Minute Second Latitude (N) Long~tude (W) Depth ML N ~ N+ 
1 1975 07 28 11 46 09.87 34 ° 58.85' 118 ° 42.13' 9 4 3,0 34 11 
2 1980 12 15 22 42 40.30 35 ° 4 47' 118 ° 21.08' 6.5 3,1 23 15 
3 1970 07 08 09 25 30.39 35 ° 24.92' 117 ° 47.74' 8.2 4.0 27 17 
4 1974 06 10 06 44 09.99 35 ° 32.97' 117 ° 26.22' 7 0 4.1 35 19 
5 1980 03 06 07 45 25.48 35 ° 34.38' 117 ° 14.24' 5.2 3.4 36 13 
6 1978 07 17 14 46 12 44 35 ° 33.62' 116 ° 14.16' 3.2 3.8 31 12 
* N, number of stat ions used in the master event. 
¢ N, average of stat ions used m the relocations for each region. 
50 km long, alternating with two still shorter segments with significantly lower 
activity. 
Figure 3 is a time-distance plot along the fault northeast from the Gorman quarry 
in which the above-mentioned distribution is apparent. Figure 3a includes all events 
and shows the increase in detection level through time. Figure 3b shows only events 
of ML >= 3.0, for which this catalog is thought o be complete in the Garlock fault 
region. There is no clear time-dependent behavior of seismicity along the fault. No 
earthquakes were registered on the westernmost 100 km during 1941 and 1947, nor 
on the easternmost 100 km between 1947 and 1973. Seismic quiescence is observed 
on both ends of the Garlock fault during this 50-yr period, as well as in a 30-km- 
long segment 70 km from Gorman quarry. Overall, there has been an average of 
three events per year with M >= 2.5 on and near the Garlock fault. Peaks of activity 
were observed in 1953 and 1974, as seen in Figure 5. The largest event in the area 
during the 50-yr time period occurred in 1974 (M = 4.3). 
The seismic moment for the events that have occurred along the Garlock fault 
zone was estimated from the Thatcher and Hanks (1973) moment-magnitude 
relation for southern California earthquakes 
log Mo = 1.5 ML + 16.1. (1) 
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Figure 4 shows the cumulative seismic moment  of events of ML > 2.5 with distance 
along the Garlock fault in 25-kin intervals. An almost constant seismic moment  
release of 10 ~2 dyne-cm is observed uring this 50-yr period. However, toward both 
ends, the seismic moment  release is one or two orders of magnitude smaller, and in 
the interval from 75 to 100 km, seismic quiescence is apparent, as also seen in 
Figure 3. The almost constant seismic moment  along the fault is unexpected, since 
the number of events west of Rand with ML => 3 is larger than east of it. The fact 
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FIG. 4. Bar graph of cumulative seismic moment  of events of ML >- 2.5 from 1932 to 1981 on and 
near the Garlock fault m 25-km intervals. The horizontal axes corresponds to kilometers along the fault 
from Gorman quarry (numbers in Figure 2). 
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that fewer events in the magnitude range 3 to 4 have occurred along the eastern 
segment of tt~e Garlock fault is not due to a difference in detection level along it, 
but to the fact that  events of ML ~ 4 tend to occur alone, suggesting that  the "b 
value" is different for this eastern segment of the fault. Adding the moments for 
events of M > 2.5 that  occurred in the entire area over these 50 yr gives a total 
moment  of 13.75 × 1022 dyne-cm and a seismic moment  rate of Mo = 2.75 × 1021 
dyne-cm/yr.  The seismic moment  rate for successive 10-yr periods was determined 
in the same way and is shown with the dashed line histogram in Figure 5. From 
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1942 to 1952, the moment release was a factor of 10 lower than the average, while 
for the other four decades the variation is about a factor of 2. The seismic moment 
rate determined from the geologic slip rate is M0 = 9.2 x 1024 dyne-cm/yr (Anderson, 
1979). 
P-wave first-motion studies were made for six earthquakes in the Garlock fault 
zone from 1978 to 1981, for each of which more than 15 first-motion readings were 
on file at Caltech (Figure 6). In addition, a composite focal mechanism was 
determined for six events that occurred in one small area from 1977 to 1981 (Figure 
6, no. 5). The computer program FOCPLOT (Whitcomb, 1973) was used to deter- 
mine the fault-plane solutions hown in Figure 6 and given in Table 3. However, as 
shown in Figure 7, where detailed focal mechanisms are given, more steeply dipping 
fault planes (dashed lines) can be solutions for events 2 and 4. Left-lateral strike- 
slip motion subparallel to the Garlock fault strike is shown by most of the events 
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FIG 6 Focal mechanisms for selected events that  occurred m the Garlock fault zone between 1977 
and 1981 Numbers  correspond to those m Table 3 Event 5 is a composite mechanism of six nearby 
events 
[nos. 1, 2, (4), 5, 6, 7]. The thrust-type mechanism determined for event 3 can be 
explained as the result of applying the regional stress field over favorably oriented 
fractures near the Garlock fault. The compression and tension axes for most of the 
events analyzed are oriented N-NE and E-SE, respectively. This is consistent with 
the strain-rate vector orientation observed by Savage (1981) from the Garlock 
trilateration network. 
DISCUSSION 
This 50-yr seismic record of the Garlock fault zone is short compared to the 
recurrence interval of perhaps 1,000 yr for large earthquakes determined from 
geologic offsets (Burke, 1979; Christenson et al., 1980; Sieh, 1981). The spatial 
seismic pattern along the fault is different west and east of Rand, in that a larger 
number of events on the western segment contrast with the more scattered pattern 
to the east, at least hroughout the time period of this study (Figures 2 and 3). Clark 
(1973) describes the Garlock fault trace as progressively better preserved eastward 
along the fault. He also points out that the fault has a simple trace along much of 
its length, especially toward the eastern end. However, it becomes a series of many 
small, discontinuous breaks distributed across a width of 1 to 3 km near its southwest 
end, especially where it crosses a 32-km-long schist body in the area southwest of 
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Cameron, and several millimeters/year of left-lateral aseismic slip has been meas- 
ured in this area. In contrast, the eastern segment of the fault shows no slip during 
surveys in the last decade (Keller et al., 1978; John Louie, personal communication). 
Thus, it seems that the Garlock fault, like the San Andreas fault (Allen, 1968), is 
formed by segments with different seismic and aseismic behavior, as well as distinct 
associated geologic features. 
If the Garlock fault behavior is analogous to that of the San Andreas fault, the 
western segment of the Garlock fault, 150 km long, can be compared with the 
central creeping segment of the San Andreas fault (Allen, 1968). Both have relatively 
complex fault traces when viewed at a 100-m scale; creep occurs along both segments 
and seismic activity at M = 3 has been regular over the past 50 yr, although no 
truly large earthquakes have occurred, at least in the last 150 yr. On the other hand, 
the eastern segment of the Garlock fault, 115 km long, more resembles the segments 
broken by the 1857 and 1906 earthquakes (M ~ 8) on the San Andreas fault, with 
simple traces as reflected by Quaternary displacement, no creep, and with scattered 
seismic activity. If this analogy holds, larger earthquakes should be expected on the 
eastern segment of the Garlock fault than on its western segment, although the 
possibility of the entire fault breaking during a single event cannot be ruled out. 
~6 ~7 fair good + * COMPRESSION 
° DILATATION 
FIG. 7 Detailed P-wave first-motion focal spheres for the events listed in Table 3 and shown in 
Figure 6. 
The rate at which seismic moment must be released by earthquakes on a fault to 
exactly relieve the annual slip across the fault, Mo is given by (Brune, 1968) 
Mo=gAs  (2) 
where tt = 3 x 1011 dyne/cm 2.A = fault length × seismic depth (cm 2) and s is 
seismic slip rate (cm/yr). 
Let us assume that the slip rate along the whole length of the Garlock fault is 7 
mm/yr (Clark and Lajoie, 1974) and that the creep rate is 5 mm/yr on the western 
segment of the fault, at least for the last 1,000 yr. Then the slip available for elastic 
strain along the 150-km-long western segment of the Garlock fault would be 2 mm/ 
yr, and for the ll5-km-long eastern segment 7 mm/yr. Using these slip rates and a 
15-km seismic depth, one finds M0 = 1.3 x 10 24 dyne-cm/yr and Me = 3.6 × 1024 
dyne-cm/yr for the western and eastern segments, respectively. Since recurrence 
periods for the Garlock fault are of the order of 1,000 yr (Burke, 1979; Roquemore 
et al., 1982), from equation (1) the largest magnitude arthquake expected in the 
western and eastern segments of the fault every 1,000 yr would be of M = 7.3 and 
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M = 7.6, respectively. Alternatively, the eastern segment may break more often, or 
a single large event (M ~ 8) might be associated with markedly differential slip 
along its length. 
We know from trenches that there has not been a large earthquake along some 
segments of the Garlock fault for at least 500 yr (Christenson et al., 1980; Roquemore 
et al., 1982), and that  seismicity in the last 50 yr has been small compared to other 
faults in California. Furthermore,  this seismicity does not account for all the energy 
release as inferred from geologic offsets. Thus, the Garlock fault should be regarded 
as currently representing a seismic gap. Special attention should be directed to the 
eastern segment of the fault due to its higher seismic potential. Unfortunately, most 
of the Holocene geologic studies along the Garlock fault have been, thus far, 
concentrated in its western segment, and those in the east lack the constraint of 
date determinations that  are necessary to assess the seismic potential  of this major 
fault in southern California. 
CONCLUSIONS 
The Garlock fault can be divided into two segments with distinct geologic features 
and with different seismic and aseismic behaviors. The 150-km-long western seg- 
ment has exhibited continuous low seismic activity during the past 50 yr, well- 
documented aseismic creep, and has a relatively complex surficial fault trace at a 
scale of 100 m. In contrast, the eastern 115-km-long segment has very few small 
earthquakes, no demonstrable creep, and a relatively simple surficial fault trace. I f  
the behavior of the Garlock fault is analogous to that  of the San Andreas, larger 
earthquakes might be expected on the eastern segment, or, if the entire fault breaks 
during a single event, larger displacement toward the east. In any case, comparison 
of overall seismic energy release during the last 50 yr is 2.75 × 1021 dyne-cm/yr,  
three orders of magnitude smaller than the seismic moment  rate estimated with the 
slip rate obtained from geologic studies, indicating that the fault currently represents 
a temporal  seismic gap, and that  the potential  exists for large earthquakes. 
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